Dentate granule ceils (DGCs) are the principal cell population of the hippocampal dentate gyrus, and granule cells provide the main excitation to the hippocampus proper via their mossy fibers axons. Although it is well established that granule cells express various growth factors and growth factor receptors, the functional effects of growth factors on the normal development and response to injury of granule cells are relatively unknown. To address this question, primary cultures enriched in DGCs were prepared by microdissecting hippocampal slices from neonatal rats and growing dissociated cells in defined media with added nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophin3 (NT-3), neurotrophin-4/5 (NT4/5), ciliary neurotrophic factor, basic fibroblast growth factor (bFGF), or vehicle. The effects on cell survival and morphology were quantified by studying neuron-specific enolaseimmunostained cells at various time points, plating densities, host ages, and growth factor concentrations.
Dentate granule ceils (DGCs) are the principal cell population of the hippocampal dentate gyrus, and granule cells provide the main excitation to the hippocampus proper via their mossy fibers axons. Although it is well established that granule cells express various growth factors and growth factor receptors, the functional effects of growth factors on the normal development and response to injury of granule cells are relatively unknown. To address this question, primary cultures enriched in DGCs were prepared by microdissecting hippocampal slices from neonatal rats and growing dissociated cells in defined media with added nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophin3 (NT-3), neurotrophin-4/5 (NT4/5), ciliary neurotrophic factor, basic fibroblast growth factor (bFGF), or vehicle. The effects on cell survival and morphology were quantified by studying neuron-specific enolaseimmunostained cells at various time points, plating densities, host ages, and growth factor concentrations.
BDNF or bFGF significantly increased both neuronal survival and differentiation by 30-80% compared with control cultures. Maximal effects were observed at relatively longer time points (5-12 d), with younger cells (postnatal day 3-5) and at lowest plating densities. Addition of a trkB-IgG fusion protein that blocks the activity of BDNF or NT4/5 inhibited the effects of BDNF and attenuated the differentiation of cells cultured at high plating densities. Furthermore, treatment of cultures with the kinase inhibitor K252b specifically blocked the effects of BDNF, suggesting involvement of trkB (the high-affinity BDNF receptor) in BDNF-induced differentiation.
These results show that growth properties of cultured neonatal DGCs are influenced by exogenously applied BDNF or bFGF in a time-, age-, and densitydependent manner. The effect of plating density suggests an endogenous expression of growth factors in these culture conditions, and this is mediated in part by endogenous BDNF acting via a tyrosine kinase receptor. Combined with previous work showing that various growth factors and their receptors are expressed by DGCs, these findings provide strong support for the hypothesis that BDNF and bFGF influence both the growth and development of DGCs in vivo.
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The granule cells of the dentate gyrus (DGCs) are a critical component of the pathway that relays information from the entorhinal cortex to the hippocampus proper. Although the functions of the dentate gyrus remain uncertain, it appears that DGCs have an important role in visual-spatial learning and memory (Armstrong et al., 1993; Conrad and Roy, 1993; Vaher et al., 1994) , and they are capable of a high degree of functional plasticity. This includes electrophysiological plasticity such as longterm potentiation and long-term depression (Malenka and Nicoll, 1993; Malenka, 199.5) and morphological plasticity such as the modification of axo-dendritic contacts following certain stimulation paradigms (Gomez et al., 1990) . In addition to the functional plasticity found under normal conditions, DGCs are also capable of dramatic morphological plasticity in the setting of injury. This is best exemplified by the prominent reorganization of dentate granule cell axons (i.e., mossy fibers) seen in humans with temporal lobe epilepsy and in various animal models (Laurberg and Zimmer, 1981; Tauck and Nadler, 1985; Cronin and Dudek, 1988; Sutula et al., 1988; Isokawa et al., 1993; Mello et al., 1993) . Normally, the mossy fibers synapse primarily with neurons in the dentate hilus and CA3 pyramidal neurons. After certain forms of injury, mossy fibers that have presumably lost their normal, postsynaptic contacts appear to grow into the stratum granulosum and stratum moleculare, making aberrant contacts with DGC dendrites and basket cells (Frotscher and Zimmer, 1983; Franck et al., 1995) . Abnormal growth into the stratum moleculare of CA3 can also be observed. The functional consequences of this injury-induced axonal reorganization are unclear, but it is likely that the altered synaptic connectivity leads to a change in the overall excitability of the DGCs (Cronin et al., 1992; Sloviter, 1992) .
The mechanisms underlying the morphological plasticity of DGCs are essentially unknown. Anatomical data support the concept that a mossy fiber elongates and is attracted toward the granular and supragranular layers (Isokawa et al., 1993; Franck et al., 1995) . A number of molecules that may be involved in this process have been identified via studies of seizure-and injuryinduced gene expression. In particular, the expression of certain neurotrophins, neurotrophin receptors, and other growth factors can be altered by different forms of neuronal activation (for review, see Eide et al., 1993 (Ballarin ct al., IYYI; lsackson ct al., IYYl; DugichDjordjcvic ct al., 19Y2a) , and the trkB tyrosinc kinase receptors arc acutely uprcgulatcd in DGCs after scizurcs (Bcngzon et al., lY93) , and a 5ustaincd clcvation of NGF-like and ciliary neurotrophic factor (CNTF)-like activity in protein extracts derived from sprouting hippocampi has also been obscrvcd (Lowcnstein ct al.. 109.3) . A functional role of neuroti-ophins in these processes is supported by recent studies showing that chronic infusions of anti-NGF antibodies partially block scizurc-induced sprouting in the hippocampus (Van dcr Zcc et al., 1995: Holtzman and Lowcnstcin, 1995) .
These observations, as well as the numerous studies showing that growth factors can modify growth characteristics in different ncuronal subtypes in the pcriphcral and CNS (Eidc ct al., 1093). suggest that growth factors are good candidates for the molecular signals that may be directly involved in DGC plasticity. Nonetheless, very liltlc i\ known regarding the etfects of various growth factors on DGCs. A majority of studies of growth factors and hippocampal neurons have relied on primary cultures derived from whole hippocampi harvested from embryonic day 17 (E17) or El8 animals. During this period, Lhcrc is a peak in neurogenesis of pyramidal cells and \omc intcrncurons. whcrcas only ;I minority of the DGC's have appcarcd (Altman and Bayer, IY9Oa, b) . Cultured cells dcrivcd from the late embryonic hippocampus that cxprcss ncuronal markcrs arc thcrcforc likely to bc predominated by a mixed population of pyramidal neurons ;ind intcrneurons. Based on such culture systems, diffcrcnt ncurotrophins and growth factors have been shown to have ;I vat-iety of phcnotypic ctfccts on neurons. For cxamplc, Ip c( al. (1093) found that BDNF. ncurotrophin-3 (NT-3), and NT-4 caused phosphorylation of trk rcccptors and induction of clfh.7 mI<NA and protein in cells from El8 hippocampi, although there were no obvious effects on cell survival. NT-3 has been shown to incrcasc the pcrccntagc of hippocampal neurons cxprcssing calbindin-D2XK without affecting the overall number of neurons, suggesting that NT-3 influences the neurochemical differentiation of thcsc cells during development (Collazo et al., 1992) . Furthermore, bFGF has been shown to cnhancc the amount of ncurile branching in El8 hippocampal cultures (Miyagawa ct al., 1993; Aoyagi et al.. 1994) .
To address the potential cffecta of ncurotrophins and other growth factors on DGCs more directly, we have carried out a scric\ of cxpcrimcnts in which various growth factors wcrc added to cultures of dcntatc gyrus neurons dcrivcd from the neonatal rat. Our stud&s wcrc based on the assumption that insight into the mechanisms of plasticity of adult DGCs may bc gained by sludy 01 the mechanisms normally operative during development. Application of an ultr;imicrodisscction tcchniquc allowed us to prcparc cultures that wcrc highly cnrichcd for DGC's, and immunocytochemistry was used to iclcntify probable neurons or neuron prccursors. Our results suggest that the growth characteristics of dentate gyrus neurons arc significantly influenced by specific growth factors. and that thcsc ctfects have particular developmental and temporal constraints. WC also provide cvidcncc for an endogcnou~ ncurotrophin activity in the cultured cells that can bc revealed by altering the culture plating densities and using antagonists of specific ncurotrophins. was 62 PM I'oI-BUNI+') (Shelton ct ;II., 1'105). The fusion proteins h;~vc also hccn shown to bloch the biological activity of thcil-I c\pectivc lig;lncl\ with high specilicity when tested in i/l l,irro bioaasays (Shelton ct ill., 1005).
('(,I/ c,rt/tl/rr. Rat plop hippocampi of \pccified ages were disscctcd free from surrounding structures using small weighing spatula\ and placed on a guillotine tissue chopper. Slices (500 pm) were cut transvcrsc to the long axis of the hippocampu\ and placed in a stcrilc. plastic Petri dish containing NcurobasaliB-27 at 4°C. The dentate gvrus was dissected free from the hippocampus proper by making an initial cut with sharpened tungsten needles along the hippocampal fissure that extended laterally beyond the blade\ of the DGC layer. l'ollowcd by a second cut, at right angles to the first, which isolated the dentate gyrus. To enr-ich further for DGCs, a wcdgc of the dcntatc hilus wa\ removed by making two angled cuts that met at the vertex of the hilus (Fig. 1) . Approximately 20 DGC slice5 were recovered l'rom two hippocampi. These were collected togcthcr in a Ii ml polystyrene ccntrifugc tulx fill4 with Neurobasal,/B-27 c 7 and will-mcd In it 37 ( waler bath for IO min. The tissue ~\its then ccntrirugcd at 200 X ,y for 3 min. the supct-n;lt;lnt wiis rcmovcd. and the tissue W:I\ rc\uspcndcd in 5 ml of O.i;? trvp~in/Ncuroh~~~~~l/~-27 and incub;~tctl art 37°C lor I5 min. The tissue wa\-ccntl-ifugcd again at 200 X R lot-3 min. and ccII\ WCI-c rcsuq~cndcd in NcurobasaliB-27 and trituratcd gcntlv with a siliconizcd gl;~s\ pipcllc until vi\iblv dispct-scd (thi\ usually rcquii-cd 25-30 cycles or ll.itur;ttion). Once dispct-\cd, lhc m;ltcri;ll was allowed to sclllc 101 I min. and moat 01 the \upcrnat;Int (cont;linlng dissoci;ltctl cells) was lran\tcrrctl to :I new I5 ml ccntl-if~l~c tuhc. This \+a\ centl-ifugccl at 200 X ,q fol-S min and 1~1 icily It-itut-ated again lo dispcrsc ccllb, and cell co~lnts WCTC ni:~lc using ii hclllocytomctc~-and II-ypan I)luc to Idcntily nonintact ccll~ I'hc ccllv wcrc lhcn plated at WI-ious \pecificd densilica onto Wwell plate\ (Costar, C'aml~ridge. MA) coated with poly-I.-ornithinc (2 pg/ml: Sigma) contnjnin, T (7 >O ~1 01 Ncut-obasal/K-27 and additional l'actors a\ descrihcd. The cultures were incubated at 37°C in R ic/ C0,/(15%j 0, incubator for 3-12 d. I~~~mur~oc:~to~hcm~.sf/~. Disaociatcd cells in %-well plates were fixed with 4Cr, par~lformaldehyde for 2 hr at room tcmpcraturc. After washing three time\ with 0. I bt Tris buffer, pH 7.6, the cells wcrc trcatcd with 1% hydrogen pcroxidc in Tris buffer for 30 min, washed with Tris buifcr, Tris A (0. I % Triton X-100 in Tris buflcr) fat-IS min and Tris B [O.l? Triton X-100, 5 mg/ml bovine serum albumin (BSA) in Tris buffer] for 15 min. blocked with IO'Z normal horse serum loor I hr, washed with Tris A for I5 Figure 1 . Dissection technique for isolating dentate gyrus neurons.A, 500 pm slice from midregion of the hippocampus from a P5 rat. The DGC and pyramidal cell layers are relatively bright when the image field of the dissecting microscope is illuminated from below. B, Using one tungsten needle to hold the slice in place and the other to make cuts, we made the initial cut along the lower half of the hilus to isolate the inferior DGC blade from the CA3c pyramidal layer. C, A second cut was made at right angles to the first to isolate the superior DGC blade. D, This is followed by a cut along the hippocampal fissure to free the DGC layer. Magnifications: A-C, 10X; D, 13X. min, Tris B for 15 min, and incubated overnight with primary antibodies (1:200 to 1:lOOO dilution depending on the specific antibody). The cultures were then rinsed with Tris A and Tris B for 15 min each, exposed to biotinylated horse anti-mouse IgG (rat-absorbed; 1:200 dilution or 5 WI/ml) for 45 min, washed with Tris A and Tris B for 15 min each, and incubated in avidin-biotin complex (Vectastain Elite, Vector Laboratories, Burlingame, CA).diluted 1:lOOO in Tris buffer for 1 hr. The cells were then washed three times for 5 min with Tris buffer and stained with a reaction mixture comprised of 10 mg of 3,3'-diaminobenzidinetetrahydrochloride, 20 ~1 of 3 mg/ml glucose oxidase, 40 ~1 of 200 mg/ml ammonium chloride, and 160 ~1 of 250 mg/ml D-glucose in 20 ml of Tris buffer. This was made immediately before use and was allowed to react for 10 min at room temperature before being added to cultures.
For fluorescence immunocytochemistry, dissociated cells were plated on &well glass chamber slides (Nunc, Naperville, IL). Cultured cells were rinsed for 5 min with Tris-buffered saline (TBS; 10 mM Tris, pH 7.0, 150 mM NaCI). They were incubated in TBS blocking buffer (1% glycine, 0.4% Triton X-100, 3% BSA, and 10% normal goat serum in TBS) for l-2 hr, and incubated overnight at room temperature with primary antibodies (1:200 to 1:lOOO dilution depending on the specific antibody) diluted in TBS blocking buffer. Cells were then rinsed in TBS five times for 20 min each, exposed to TBS blocking buffer for 1 hr, and then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse antibody (1:200 in TBS blocking buffer) for 1 hr. Cells were rinsed again in TBS five times for 20 min each, coverslipped using glycerol-based mounting medium (Sigma), and visualized with fluorescence microscopy.
Data analysis. Neurons were selected for quantitative analysis by positioning the field of view (200X magnification) in a random spot within each well and moving down until 10 neurons were measured. Only those cells staining positive for NSE were included. The processes were measured from cell body to tip or, if branched, from the cell body to the longest tip, and the average process lengths were recorded. Thirty to sixty neurons per condition per trial were measured. Measurements of process lengths were made using an ocular micrometer. Measurements were analyzed in U, where 1 U = 5 pm. Cell counts were measured by counting all NSE-positive cells in each well.
Statistics. Statistics were calculated using StatView (Abacus, Calabasas, CA) for the Macintosh. Factorial ANOVA was used to compare the effects of various treatment conditions on average process length or cell counts, and Scheffe's post hoc test was applied for individual comparisons if the ANOVA was significant with p < 0.05. 
RESULTS

Morphological
and immunohistochemical characteristics of dentate gyrus cultures
Within 48 hr of plating, the dentate gyrus cultures began to show heterogeneity in the morphology of different cells. Some cells had obvious characteristics of neurons and, based on their size and shape alone, appeared to be DGCs. These putative granule cells had relatively small, oval cell bodies with a long diameter of -1.5 pm, and bipolar, thin neuritic processes that were asymmetric in length and had growth cones at the endings of some processes. The other morphologically distinct cells had long, elliptiform cell bodies and relatively thick processes with angular endings, and were presumably glial cells. Other cells were more difficult to classify based on morphology alone, because they appeared to be less differentiated, or had neuronal characteristics but were not obviously DGCs in terms of cell body size and pattern of neurite growth. After 2 d in culture, there was typically a progressive decrease in the number of cells in the culture plates, and numerous cells had clearer characteristics of neurons; i.e., many of them had multiple, thin, branching processes suggestive of dendrites or axons. By 12 d in culture, an increase in the proportion of pleiomorphic cells with glial morphology became evident.
Immunocytochemical staining with a variety of neuronal and glial markers demonstrated that the cultures contained mixed populations of cells, consistent with the differences in morphology described above. Cells with positive staining for NSE included two distinct cell types (Figs. 2, 3) . The first were the putative DGCs described above. The second were possible dentate gyrus interneurons that had either multiple neuritic, branching processes reminiscent of the hilar mossy cell, or bipolar cells similar to the somatostatin-positive hilar interneurons observed in the mature dentate hilus. MAP-2 immunoreactivity in neuronal cells was observed on multiple thin, branching processes that frequently arose asymmetrically from the cell body and appeared to have a dendritic morphology (Fig. 3) . Neurofilament-2 staining was also seen in neuronal cells, but was confined to a few, longer processes suggestive of axons. Immunoreactivity of cells with an antidynorphin antibody was either faint or absent, similar to observations made previously by others (Boss et al., 1987 minority of cells having the appearance of glia (Fig. 3 ). Some staining with glial markers was also observed in cells that were less clearly differentiated and may represent neuronal or glial precursors.
Effects of growth factors on dentate gyrus neurons over time In an initial set of experiments, various growth factors were tested on dentate gyrus cultures harvested at P5 and grown for 1,2,3,5, 7, 9, or 12 days. As shown in Figure 4 , all cultures had a progressive decline in the number of surviving NSE-positive cells per well over a time. At a plating density of l-2 X 104, initial cell counts were -5OO/well; this typically declined by a factor of 10 by the end of the experiment at 12 d. Treatment of cultures with BDNF or bFGF caused a significant increase in the relative number of NSE-immunoreactive neurons in each culture well compared with controls (Fig. 4) . With BDNF the increase was significant at 5, 7, and 9 d but returned to control levels at 12 d. A similar pattern was seen with NT-3, with a significant increase only at 5 d. In contrast to BDNF and NT-3, bFGF caused an increase in the number of NSE-positive cells that was significant at 5 d and remained so for the duration of the experiment. In addition to this effect on cell number, both BDNF and bFGF caused a sustained increase in the average process length of NSE-immunoreactive cells, and this was most notable after 5-7 d in culture (Fig. 5) . NT-3 also caused an increase in average process length, although the only individual time point with a significant increase in average process length over control conditions was 12 d. None of the other growth factors tested (NGF, NT-415, and CNTF) had significant effects on average process length or the number of NSEpositive cells (data not shown). Because BDNF and bFGF had the most substantial effects on dentate gyrus neurons in the time course experiments, the remainder of our studies focused primarily on these two growth factors. As shown in Figure 6 , a dose-response analysis of BDNF and bFGF established that the concentrations chosen a priori for the time course studies (based on previous observations of BDNF and bFGF in other culture systems) were in the range having maximal effects on average process lengths of the dentate gyrus neurons. The remaining experiments were done using a concentration of 50 rig/ml for BDNF and 25 rig/ml for bFGF.
Effects of BDNF, bFGF, and NT-3 on dentate gyrus neurons harvested at different developmental ages To determine whether growth factor responsiveness of dentate gyrus neurons was influenced by the developmental age at which the cells were first plated, we examined the effects of BDNF and bFGF on cultures prepared from P3, P6, P9, or P12 animals and grown for 5 d. As shown in Figure 7 , BDNF caused a significant increase in average process length of NSE-positive cells at all ages tested, although the effect was slightly diminished in P12 cultures. bFGF had a significant effect only on P3 and P6 cultures. Evidence for endogenous BDNF-like bioactivity in dentate gyrus cultures
In pilot studies, we noted that dentate cultures plated at relatively high densities (i.e., 51 X lo5 cells/ml) had similar growth characteristics with and without the addition of growth factors. This suggested that high-density cultures had an endogenous trophic support. To test this, we first compared the effects of BDNF and bFGF on cultures plated over a range of culture densities. As shown in Figure 8 , the application of either exogenous BDNF or bFGF had relatively greater effects on neuronal process growth as the cells were plated at lower densities.
To determine whether high-density cultures were producing endogenous, functional trophic factors, we carried out a series of experiments using trk-IgG fusion proteins that have been demonstrated recently to have blocking activity against specific neurotrophins (Shelton et al., 1995) . As noted in Materials and Methods, this blocking activity has been shown to be specific for certain neurotrophins.
Using low-density cultures, we found that the trkB-IgG fusion protein completely blocked the previously observed effects of BDNF on dentate gyrus neurons (Fig. 9A ). When tested with cultures plated at higher densities (i.e., not requiring exogenous growth factors), the trkB-IgG fusion protein significantly reduced the average length of dentate gyrus neuronal processes in a dose-dependent manner, whereas a trkA-IgG construct had no effect (Fig. 9B) . Furthermore, there was no effect of the trkB-IgG or t&A-IgG fusion proteins on the bFGF-induced changes in growth characteristics of the dentate gyrus neurons (data not shown). These observations suggest that the dentate gyrus cultures produce a biologically active BDNF-like substance.
Evidence that the effects of BDNF on dentate gyrus neurons are mediated through trk receptors The evidence that BDNF was having a direct effect on the growth characteristics of the DGCs led us to ask whether this effect was mediated by activation of trkB, the high-affinity BDNF receptor Klein et al., 1991; Soppet et al., 1991; Squint0 et al., 1991) . To explore this, we used the kinase inhibitor K252b, which inhibits the tyrosine kinase activity of the various trk receptors. Although not specific for trkB, at micromolar concentrations K252b is known to suppress BDNF-induced trkB phosphorylation, an essential step in the signal transduction cascade leading to the trophic actions of BDNF and other neurotrophins (Kase et al., 1987) . As shown in Figure loA , addition of increasing concentrations of K252b (1.2-5.0 PM) progressively attenuated the activity of exogenous BDNF in the dentate gyrus cultures when they were plated at low density. This effect was specific to BDNF in that even the highest concentration of K252b, which completely sup- pressed BDNF bioactivity, did not influence the effects of bFGF on the cultures. The effect of K252b on growth characteristics of high-density cultures was evaluated to determine whether the endogenous expression of a BDNF-like substance in cultures plated at relatively high densities was mediated by tyrosine kinase receptors. As shown in Figure lOB , K252b attenuated in a dose-dependent manner the average process length of dentate gyrus neurons plated at 1 X lo5 cells/ml. These results support the hypothesis that the actions of an endogenous BDNF-like substance on dentate gyrus neurons are mediated through phosphorylation of the trkB tyrosine kinase receptor.
DISCUSSION
Previous work has documented the regional localization and developmental expression of growth factors and their receptors in the dentate gyrus. Furthermore, many studies have shown that this expression can be modulated in the dentate gyrus of adult animals by physiological activity such as electrical stimulation. This has led to speculation that activity-induced changes in neurotrophin expression are a critical element in synaptic plasticity Figure 7 . Effects of initial age of dentate gyrus neurons on their responsiveness (i.e., growth of processes) to BDNF or bFGF. Dentate gyrus dissections were carried out at the postnatal days shown, and cultures were maintained in the presence of BDNF (50 rig/ml) or bFGF (25 @ml) for 5 d. Data are shown in the same format as described in Figure 5 . Note that the effects of BDNF were observed for all ages studied, with a peak response at P6, whereas bFGF effects were significant only in P3 and P6 cultures.
and network remodeling. Nonetheless, despite our knowledge of the presence and modulation of growth factor expression within the dentate gyrus, very little is known about the function of these various components either during development or in the mature CNS. The main purpose of this study was therefore to characterize the biological effects of a number of neurotrophins and growth factors on dentate gyrus neurons. Using primary cultures derived from neonatal rats, our results show the following: (1) BDNF and bFGF, and to a lesser extent NT-3, influence the growth and differentiation of dentate gyrus neurons; (2) these effects are time-, concentration-, and age-dependent; and (3) the cultures produce a biologically active BDNF-like substance that appears to act via tyrosine kinase receptors. These findings therefore provide strong evidence that certain growth factors expressed locally within the dentate gyrus are capable of influencing the developmental characteristics of neurons growing within this region. Primary cultures provide a very useful in vitro system for studying factors that may influence the growth and plasticity of neurons. However, in contrast to the extensive literature on hippocampal cultures, there have been relatively few studies of the factors affecting growth characteristics of neurons derived specifically from the dentate gyrus. Although the preparation of the cultures requires the extra step of microdissection, we found that with practice the isolation of the DGC layer away from the pyramidal cell layer and much of the hilus could be done quickly and with a high degree of precision. Thus, by direct visualization, it was possible to be certain that the great majority of neurons within the tissue used as starting material for the cultures was from the DGC layer. A bias toward selected growth of non-DGCs such as hilar interneurons in these cultures cannot be excluded, and NSE-positive cells of various shapes and sizes were seen (Fig.  2) . However, the presence of many NSE-positive cells having the gross morphological characteristics of dentate gyrus neurons suggests that there was some enrichment for these particular neurons using the dissection and plating techniques. In all experiments, there was a gradual and consistent decline in the total number of NSE-positive cells over time. Boss et al. (1987) have shown previously that dentate gyrus neurons can be effectively cultured at low density and over extended periods. The characteristics of Plating Density (cells/ml) Figure 8 . Effects of DGC plating densities on neuronal responsiveness (i.e., growth of processes) to BDNF or bFGF. All experiments used dentate gyms neurons derived from P5 or P6 neonates and assayed at 5 d. Data are shown in the same format as described in Figure 5 . Note that the BDNF and bFGF effects were significant only at relatively lower plating densities.
their culture system differed from ours in a number of ways, including their use of relatively higher plating densities (5 X lo5 cells/ml) and the presence of substantially more cells expressing glial markers. The relatively lower ratio of glia to neurons may explain the lack of long-term survival of a large number of neurons in our culture system, because glial support has been shown to be effective in many chronic in vitro preparations (Banker and Goslin, 1991) . Nonetheless, both systems point to the feasibility of studying isolated dentate gyrus neurons. This approach has been used recently to show that glucocorticoids have trophic effects on DGCs consistent with some in vivo observations (Sloviter et al., 1989; Gould et al., 1990) . Previous observations that growth factors and their receptors are expressed in the developing dentate gyrus suggest that BDNF and bFGF may affect the growth properties of dentate gyrus neurons. For example, BDNF mRNA expression in DGC bodies is evident as early as P8 and continues to increase into adulthood (Dugich-Djordjevic et al., 1992b) . There is also obvious expression of the catalytic form of trkB mRNA in the DGC layer by P4, and this reaches a peak between P13 and P17 (Dugich-Djordjevic et al., 1993) . Phosphorylation of trkB in hippocampal tissue induced by BDNF and NT-3 has been shown to peak at P7 (Knusel et al., 1994) . Although the cellular location of this interaction remains unknown, these data provide strong evidence for a functional interaction between BDNF and trkB during hippocampal development.
In contrast to the patterns of BDNF and trkB expression, bFGF immunoreactivity is seen in DGCs very early in their development (Pl) in the rat. Beyond P4-P6, bFGF expression within the dentate gyrus appears to be restricted to astrocytes (Eckenstein et al., 1994; Gomez-Pinilla et al., 1994) . Interestingly, bFGF receptor sites in the dentate gyrus, as measured by rZ51-binding studies, become evident at least as early as P15 and they are localized specifically along the distribution of DGC axons (Fayein et al., 1992) . In situ hybridization studies suggest that mRNA for the FGFR-1, but not FGFR-2 or FGFR3, is expressed in the DGC layer in the adult (Yazaki et al., 1994) . It has also been shown that bFGF expression increases in astrocytes and the extracellular matrix in the molecular layer of the dentate gyrus after an entorhinal cortex or fimbria-fornix lesion in the adult (Gomez-Pinilla Figure 9 . The effects of trk-IgG fusion proteins on growth characteristics of dentate gyms neurons grown at relatively low (A) and high (B) plating densities. A, The effects of BDNF (50 @ml) on average process length of neurons plated at low density (2 X lo4 cells/ml) was completely blocked when cultures were grown in the presence of the trkB-IgG fusion protein (4 pg/ml) but not the t&A-IgG fusion protein (4 &ml). Note that neither fusion protein significantly changed average process lengths of control cultures grown without added BDNF. B, When added to cultures plated at higher densities (1 X lo5 cells/ml), the trkB-IgG fusion protein (but not the t&A-IgG fusion protein) significantly attenuated average process lengths of neurons in a dose-dependent manner. All cultures were derived from P5 or P6 neonates and assayed at 5 d. Data are shown in the same format as described in Figure 5 . et al., 1992) . These various observations have led to the suggestion that bFGF exerts trophic effects on neurons in the dentate gyrus during development and after injury, an idea that has received support from both in vitro (Mattson et al., 1989 (Mattson et al., , 1993 Louis et al., 1993) and in vivo studies (Anderson et al., 1988) . Our observations extend this previous work by providing the first direct evidence for the responsiveness of DGCs to BDNF and bFGF. The maximal effect of BDNF was seen -5 d after plating in cells derived from P3-P9 animals (i.e., cultured cell ages of PS-P14). This time course, therefore, is reasonably within the temporal pattern of BDNF responsiveness based on in vivo ob- [K=2bl @Ml servations. Interestingly, the relative increase in neuron survival peaked at 5 d after plating of cells and returned to control values at 12 d, whereas the effect on average process length became significant at 5 d and remained elevated through to 12 d. The basis for this temporal uncoupling of the effects of BDNF on cell survival versus differentiation (as measured by average process length) is unclear. Different mechanisms may contribute to these various trophic changes, although selective survival of more differentiated cells is a possible explanation for these observations. In contrast to BDNF, bFGF led to an ongoing significant increase in both relative neuronal survival and differentiation from 5 to 12 d. This time course may be explained, in part, by the relatively late appearance of FGF receptors in the dentate gyrus (i.e., P15 with increased expression by P30) (Fayein et al., 1992) . Again, because the overall number of neurons declined over time, it is possible that the effects of bFGF are attributable to selective survival or differentiation of a subset of cells. In addition to finding that exogenous BDNF influenced the growth of the cells, a number of observations support the conclusion that cells derived from the microdissected dentate gyrus produce endogenous BDNF. There was a clear effect of plating density of the cells, such that at relatively higher densities there was no added benefit of adding BDNF (or bFGF) to the culture. Furthermore, the trk-IgG fusion protein significantly reduced the average process length of neurons plated at high density by as Figure 10 . Effects of the tyrosine kinase inhibitor K252b on growth characteristics of dentate gyms neurons grown at relatively low (A) and high (B) plating densities. A, Increasing concentrations of K252b caused a progressive decrease inthe effects of BDNF on average process kngth of cultures plated at low density (2 X lo4 cells/ml). Note that the effect was selective in that the K252b did modify bFGF-induced changes in growth. B, When added to cultures plated at higher densities (1 X 10' cells/ml\. K252b caused a dosedependent decrease in average prdcess length compared to control cultures. All cultures were derived from P5 or P6 neonates and assayed at 5 d. Data are shown in the same format as described in Figure 5 . much as 50% in a dose-dependent manner. Because the trkB-IgG fusion protein is capable of binding either BDNF or NT4/5, we cannot exclude the possibility that the endogenous factor was NT4/5. However, this seems unlikely because the low-density cultures were substantially more responsive to BDNF than to NT4/5. It is also notable that the cultures were not affected by treatment with the trkA-IgG protein, suggesting that endogenous NGF was not influencing the growth parameters studied.
There are a number of important caveats that must be recognized in the interpretation of these results. First, although an in vitro tissue culture system provides a very useful means for mechanistic studies, it likely represents a major perturbation of the normal in vivo environment. This may be especially true in microdissected culture systems that are relatively selective for neurons. Thus, the responsiveness of the cultured cells to BDNF or bFGF may not reflect the processes operative during development. Second, despite the microdissection technique, the NSE-positive cells were somewhat heterogeneous and included "polymorphic" cells that were likely to be dentate gyrus interneurons. We therefore chose to refer to the cultured cells as dentate gyrus neurons rather than DGCs. Third, the presence of non-NSE cells in the cultures emphasizes the possibility that many or all of these findings may be critically mediated by glia or other non-neuronal cells. Finally, because of the many conditions and reagents studied, we limited the main end-points of our experiments to measurements of cell counts and average process length. It is possible that other characteristics of differentiation, such as axonal branch points, polarity, etc., could be influenced by the growth factors used in these studies.
In summary, our findings demonstrate that BDNF and bFGF exert significant trophic effects on neurons derived from the neonatal rat dentate gyrus. This is consistent with previous observations in vivo showing that cells from this region normally express these factors and their receptors during development. Furthermore, these studies provide the first direct evidence for the production by DGCs of a biologically active BDNF-like substance that acts via a tyrosine kinase receptor. This advances the hypothesis that BDNF plays an important role in the normal differentiation of DGCs during development. The involvement of BDNF or its receptor in DGC plasticity in the mature CNS remains to be determined.
